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The exchange bias (EB) effect and its thermal stability in nanoscale Co/NiO antidot arrays and sheet films have been investigated. The EB field H E increases with increasing Co thickness (t Co ) and reaches a maximum at t Co ¼ 8 nm in the antidot arrays, whereas H E decreases with t Co in the sheet films. Compared with the sheet films, H E in the antidot arrays is either enhanced or decreased, depending on the thickness of the ferromagnetic Co layer, which is due to the three-dimensional effects in the antiferromagnetic NiO and ferromagnetic Co layers caused by the nanopores. A higher thermal stability is observed in the antidot arrays due to the out-of-plane anisotropy constant K 1 of the misaligned antiferromagnetic magnetization component. The exchange bias (EB) effect, originating from the interfacial coupling between ferromagnetic (FM) and antiferromagnetic (AFM) bilayers, has attracted considerable interest. 1 As the dimensions of nanostructured magnetic materials become comparable to their characteristic length scales (e.g., domain-wall width, exchange length), their magnetic properties will be different from sheet films. 2, 3 Recently, there has been considerable interest in the EB effect of patterned magnetic nanostructures, because of the many applications in high-density magnetic recording, magnetic sensors, and magnetic random access memories. 4, 5 Various routes, such as electron-beam lithography, 6 block copolymer templates, 7 and nanoporous ZrO 2 membranes, 8 have been used to fabricate patterned magnetic nanostructures. Among the various nanofabrication methods, an easy and low-cost way is to deposit magnetic materials onto porous anodic aluminum oxide (AAO) templates. It has been reported that for antidot arrays, which consist of an array of pores in the sheet EB films, the coercivity field H C and the EB field H E are enhanced. 9 However, also the opposite has been reported. It has been found that in CoFe/IrMn EB nanostructure, H E can be either enhanced due to the pinning of AFM spins or suppressed because of the misalignment of AFM and FM spins at the edge of the pores, depending on the pore density. 10 In Co/ CoO EB antidot arrays, a three-dimensional magnetization profile and multi-axes EB have been found due to the locally crescent shape of the Co films.
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In this work, we investigate influence of FM layer thickness and thermal-activation effects on EB phenomenon in Co/NiO antidot arrays and sheet films. It is found that the EB field H E in the Co/NiO antidot arrays can be either larger or smaller than in the sheet films, depending on the FM thickness. In addition, the blocking temperature of the antidot arrays is higher than that of the sheet films. These results can be explained by an anisotropy distribution in the FM/AFM layer that has been modified by the membranes. This also explains the controversial previous reports on enhanced vs decreased EB field and on the thermal stability of patterned nanostructures.
AAO templates with pore depth of 30 lm, Si(001), and Al 2 O 3 (0001) were used as substrates. Nanoporous AAO templates were made by anodizing high-purity aluminum foils in a two-step anodization process in a sulfuric acid solution. 12 Ag(10 nm)/Co(t Co )/NiO(5 nm)/Ag(5 nm) antidot arrays on AAO templates and the corresponding sheet films on Si and Al 2 O 3 substrates were prepared by means of using DC and RF magnetron sputtering of Ag, Co, NiO targets with 99.99% purity. 13 The base pressure was better than 3 Â 10 À7 Torr and the Ar pressure during deposition was 4 Â 10 À3 Torr. The morphological characterization was carried out with high-resolution scanning electron microscopy (SEM) and Tecnai G 2 F20 transmission electron microscopy (TEM). The magnetic properties were measured at different temperatures after field cooling (FC) from 300 K in a field of 5 kOe in a superconducting quantum interference device (SQUID) magnetometer.
A SEM image of Ag(10 nm)/Co(8 nm)/NiO(5 nm)/ Ag(5 nm) antidot arrays is shown in Fig. 1(a) . The pore diameter is about 40 nm and the edge-to-edge spacing about 50 nm. Due to the high aspect ratio (pore depth/diameter), a sawtooth shape of the films is found. The cross-sectional TEM image in the inset of Fig. 1(a) shows that the materials are mainly on the top and the inner wall of the templates, and no materials reach the bottom of the pores. (2012) films with t Co < 5 nm, which may origin from the asymmetric magnetization reversal mechanism or reversal of a partly unbiased Co layer. For t Co ¼ 1.5 nm, a small coercivity field H C of 0.32 kOe and EB field H E of 0.15 kOe are observed in the antidot arrays. As shown in the inset in Fig. 2 (a), irreversible magnetization hysteresis loop can be seen in the thin antidot arrays. As shown in Fig. 2(b) ), a small loop shift and a two-step magnetization reversal process are observed in the antidot arrays with t Co ¼ 3 nm, which suggests a threedimensional magnetization effects in the antidot arrays. Since no materials are found at the bottom of the pores, the formation of vortex state at the bottom of the pores is excluded. The hysteresis loops of the films with antidot arrays are canted and more asymmetric than the loops of the sheet films, which is another indication of three-dimensional magnetization effects in the films, similar to Cu/Co/Cu trilayers deposited on nanoporous alumina membranes. 11 Moreover, the entrance of the pores may be filled in the antidot arrays with the thickest Co layer, which may also cause the similar hysteresis loops in antidot arrays and the sheet films with thick Co layer. Magnetic moments along the inner wall of the nanopores are aligned perpendicularly to the film plane, whereas the moments between the nanopores are aligned within the film plane, as sketched in Fig. 1(b) .
The antidot arrays and the sheet films exhibit an interesting variation of H C and H E with t Co (Fig. 3) . For the sheet films, H C and H E decrease with t Co , which is characteristic for EB sheet bilayers and thus suggests a mainly interfacial character of the FM-AFM coupling in the sheet films.
14 The substrates may affect Ag underlayer's texture slightly and modify the anisotropy of the magnetic layers, which may induce the differences between the amplitudes of H C and H E for the sheet films on Si and Al 2 O 3 substrates with t Co < 5 nm, whereas the effect is small for the sheet films on Si and Al 2 O 3 substrates with thick t Co . The larger H C of the antidot arrays with t Co ! 5 nm compared with sheet films can be attributed to domain-wall pinning in the vicinity of the nanopores. The pinning centers, introduced by the presence of the nanopores, impede the domain-wall motion and increase H C correspondingly, which has been confirmed by experiments and micromagnetic simulation. 15, 16 The smaller H C of the antidot arrays with t Co < 5 nm may be caused by misaligned magnetic moments of the FM and AFM components at the edge of the nanopores. With increasing Co thickness, H E of the antidot arrays increases, reaching a maximum at t Co ¼ 8 nm and then decreases with further increasing t Co . In addition, for t Co > 5 nm, H E of the antidot arrays is larger than H E of the sheet films, which is attributed to pinning in the antidot arrays. 17 Similar behavior of H E is 1/2 ¼ 66 nm. The small nearest-neighbor exchange stiffness A 1 has been neglected in the calculation of the domain-wall width. When the films are deposited on the AAO templates, the nanopores reduce the domain size of NiO, which results in a larger interface exchange coupling. According to the random-field model, 19 the domain size is mainly determined by ferromagnetic exchange interaction within the FM layer and the random field acting on the FM layer due to interfacial exchange coupling. In this static model, the exchange field is inversely proportional to the AF domain size. In the antidot arrays, the nanopores reduce the FM domain size more than in sheet films and also increase the random field, which is essential for an increased H E . However, for the antidot arrays with t Co 5 nm, H E is smaller than for the sheet films, which is attributed to the misalignment of FM and AFM spins at the edge and wall of the nanopores. The Co/NiO layers aligned along the inner wall in the antidot arrays have a perpendicular preferential orientation of magnetization. The slanter hysteresis loops for all antidot arrays and the step in the hysteresis loop for t Co ¼ 3 nm are indications of a special magnetization distribution in the antidot arrays. For both the sheet films and the antidot arrays with t Co ¼ 8 nm, the out-ofplane EB field H E is smaller than the in-plane EB field H E (Fig. 2) . For small t Co , more FM magnetic moments in the antidot arrays deviate from the in-plane direction, causing that H E and H C of the antidot arrays are smaller than of the sheet films.
To investigate the effects of thermal activation on the EB of the antidot arrays and the sheet films, the temperature dependence of H E has been measured. Figure 4 shows the variation of H E and H C with temperature of the antidot arrays and sheet films. H E and H C decrease with increasing temperature because the thermal energy prevails over the exchange coupling between the AFM and FM layers. Interestingly, the blocking temperature (T b , the temperature where the EB field completely disappears) of the antidot arrays is higher than of the sheet films on Si and Al 2 O 3 , which indicates a larger effect of thermal activation in the sheet films. It is clear from the inset in Fig. 4 that the blocking temperature varies with the pore diameter (d) and the higher blocking temperature is observed in the antidot arrays compared with sheet films, 2012) and the largest blocking temperature enhancement appears in the antidot arrays with d ¼ 40 nm. In comparison with the antidot arrays with smaller diameter of pores, the decrease of quantity of the pores and ratio of materials on the wall/top of AAO templates in the antidot arrays with d ¼ 128 nm may reduce the contribution of the perpendicular magnetization component, causing the decrease of T b . This effect of thermal activation is more pronounced in the sheet films than in the antidot arrays, which has rarely been reported. In Co/ CoO and [Co/Pd] n /CoO antidot arrays, there exists a crossing temperature in the temperature dependence of H E , leading to temperature ranges in which H E for the antidot arrays can be either smaller or larger than in the sheet films. 3, 20 This is attributed to a strong competition between constraints imposed on the AFM domain size by reduction of the lateral dimensions of the antidot arrays, which favor an enhancement of H E , and thermal activation effects that favor a reduction of H E in antidot arrays. However, H E of the antidot arrays of the present results is larger than that of the sheet films at temperatures below the blocking temperature. The perpendicular magnetization component of the FM/AFM bilayers is attributed to the enhanced in-plane blocking temperature of the antidot arrays. The FM/AFM magnetization direction lies along the inner wall of the AAO, causing a perpendicular magnetization component. According to the random-field model for FM/AFM systems, the domain wall in the AFM layers plays an important role in the EB effect. The competition between the interfacial exchange-coupling energy and the AFM domain-wall energy breaks the AFM layer into multidomains. 19, 21 According to the model, the EB field H E is related to the energy stored in the AFM domain wall by H E ! (A AF K AF ) 1/2 . Assuming that A AF is not dependent on temperature and that K AF ¼ K AF (0)(1-T/T N ) 2 for the cubic anisotropy of the AF layers, the model gives H E / ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi A AF K AF ð0Þ p ð1 À T=T N Þ for the temperature dependence of H E . Substituting T b for T N results in H E / ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi A AF K AF ð0Þ p ð1 À T=T b Þ. Taking into account both the out-of-plane and the in-plane anisotropy, the NiO domain-wall energy can be expressed by 18 
cos 6b, where A AF is the exchange stiffness, a the coherent angle out of NiO (111) 
) are determined by the temperature dependence of K 1 and K 2 , respectively, and C ð1Þ and C ð2Þ are constants. In the sheet films, the NiO domain-wall energy is dominated by the in-plane anisotropy constant K 2 , while the out-of-plane anisotropy constant K 1 plays a minor role. The temperature dependence of H E is mainly controlled by the temperature dependence of the in-plane anisotropy constant K 2 . However, in antidot arrays, the out-of-plane anisotropy constant K 1 plays a more important role due to the misaligned magnetic moments at the edge and at the inner wall of the nanopores. The much larger K 1 leads to a higher blocking temperature T b in the antidot arrays than in the sheet films. The higher blocking temperature in the antidot arrays, indicating an excellent thermal stability of these nanostructures, is attractive for modern spintronics applications.
In conclusion, we have studied the EB effect in Co/NiO antidot arrays and sheet films. The largest H E of the antidot arrays is observed at t Co ¼ 8 nm. Compared with the sheet films, H E of the antidot arrays can be enhanced or decreased by varying the thickness of Co layer, which is due to the misalignment of the FM and AFM layers at the edge and at the inner wall of the nanopores. The antidot arrays have excellent thermal stability for application in spintronics devices. The obtained results explain the controversial reports in literature [9] [10] [11] on the behavior of the EB field and its thermal stability in patterned nanostructures.
